This paper deals with the aerodynamic exploration analysis of innovative unusual vehicle concepts, suitable for a manned Mars entry, aiming to support design studies of planetary entry systems. In this framework, two lifting body (LB) con¦gurations have been analyzed so far. Several fully three-dimensional (3D) computational §uid dynamics (CFD) analyses, both for a perfect gas model and for a nonequilibrium reacting gas mixture model, have been performed. The §ow¦eld environment past the exploration vehicle for an assigned Mars entry scenario has been addressed. To this end, a wide range of §ow conditions, including di¨erent angles of attack (AoA), various Mach numbers, and Reynolds numbers, have been investigated. Results reported in the paper are useful for providing numerical data for further understanding the §uid dynamics processes, as those of high enthalpy §ow and vehicle shape e¨ects, involved in the design analysis of LB vehicles for the exploration of Mars.
INTRODUCTION
This paper reports about the results of aerodynamic design analyses of two manned braking systems (MBS) entering the Mars atmosphere, with the aim of supporting design studies of a planetary entry system. Two unusual LB con¦gurations with a rounded edge delta-like cross section have been analyzed. The preliminary aerodynamic analyses have been focused on §ight conditions compatible with a manned mission entering the Mars atmosphere. However, neither the mission architecture needed to reach Mars from Earth or the Earth£s neighboring space, nor the surface exploration have been addressed.
All the design analyses have been performed at several levels. Indeed, vehicle aerodynamic assessment has been extensively addressed through simpli¦ed design approach as, e. g., hypersonic panel methods (HPM); then, a number of fully 3D CFD simulations, both with Euler and NavierStokes approximations, of the hypersonic §ow¦eld past the entry vehicle have been performed.
The results herein provided have been obtained for a Mars entry scenario compliant with an approach to the red planet both by a direct planetary entry and an entry after aerobraking [1] . These results may be used to provide numerical data for understanding the requirements for the human exploration of Mars [2] .
VEHICLE CONFIGURATION SELECTION
The vehicle concepts investigated in this work are atypical LB con¦gurations (Fig. 1) . Figure 1a shows the vehicle named LB-A while Fig. 1b shows the vehicle named LB-B. They represent the best con¦guration obtained by optimization processes performed at Dipartimento di Ingegneria Aerospaziale e Meccanica of Second University of Naples in the framework of a design study of planetary entry systems [3] . The main objective of this study is the searching for the minimum weight con¦guration taking into account both the vehicle thermal and operational constraints, as discussed in [3] . Note that minimizing the vehicle weight is an important ¦gure of merit within the optimization processes for the design of a Mars exploration mission.
Each vehicle features an aerodynamic con¦guration with a compact body with a rounded edge delta-like cross section as shown in Fig. 2 [3] .
The proposed concepts represent a rather conventional con¦guration characterized by a low nose camber and a §at bottomed surface in order to increase the overall vehicle hypersonic performance. The forebody is characterized by simple cone-sphere geometry with smooth streamlined surfaces on the upper and lower side of the vehicle (Fig. 3a) . A very preliminary internal layout for a crew of three/four astronauts is also reported in Fig. 3b (for the LB-B con¦guration only).
The nose radius of both vehicle concepts reads 0.3 m. Each vehicle is thought out for a small crew entering into the Mars atmosphere from a low orbit and performing a variable AoA entry trajectory.
For instance, during the entry maneuver, the vehicle experiences a highspeed and high-temperature §ow. As a consequence, three main design topics have been focused for the safety and the performance: the structural integrity of the vehicle; livable conditions for the crew; and the minimization of the vehicle structural weight. Considering that the peaks of both structural and thermal stresses are generally reached during the hypersonic §ight and the low speed §ight is assumed being performed by the use of a parachutes system, only the §ight hypersonic regime has been analyzed. The pursuit of a feasible and livable minimum weight con¦guration has preliminarily required the de¦nition of a well-suited parametric model for both the vehicle aerodynamic shape and for thickness distribution of the thermal insulating material.
The structural stresses are considered by the mean of the asymptotic dynamic pressure and the normal load factors peaks, and crew liveability conditions are accounted for by controlling that the inner temperature remains locally below a duly imposed value. An optimization procedure, using Genetic Algorithm (GA), is performed to ¦nd the optimal con¦guration [3] . The vehicle shape is modeled by a suitable parametric model, based on Coons surfaces, and a parametric insulating material distribution is foreseen.
The entry trajectory is calculated by the three degree-of-freedom (3 dof) model for planetary unpowered gliding entry with no bank angle (see Fig. 5 ). The shape aerodynamics is performed via HPM and the thermal state of the external surface is determined by means of one-dimensional (1D) boundary layer model together with the hypothesis of radiative cooling at the vehicle wall. Some other tools able to evaluate the LB entry trajectory and the thermal analysis of the protection shield system have been also developed. The initial trajectory angle is considered as an optimization parameter. Furthermore, a parametric control of the AoA has been implemented.
A two-people crew has been considered for the LB-A concept. The crew layout into the reentry vehicle is not a priori ¦xed, but parameterized and managed by a discrete variable. The internal volume hosting the crew is set by the layout parameter while the volumetric e©ciency is considered in the vehicle con¦gura-tion selection, since, in the ¦rst order, the thermal protection system (TPS) and the structural weight are a direct function of the vehicle wetted area.
Then, the vehicle outer shape is de¦ned in detail by about thirty parameters that perform an a©ne transformation of a spherical domain into a suitable REENTRY aerodynamic shape [3] . The latter vehicle feature is an important design topic considering that, in the case of Mars entry, the basic problem is one of decelerating the vehicle su©ciently to allow for the tenuous nature of the atmosphere. As a result, the most signi¦cant vehicle requirement is a rather low ballistic coe©cient, β f .
As a consequence, the vehicle con¦gurations must have very blunt shapes, as in the case of LB-B con¦guration, in order to maximize the vehicle aerodynamic drag, C D .
Moreover, the vehicle must be also able to provide rather high aerodynamic lift to increase the allowable β f and, therefore, the payload weight, as in the case of the more streamlined con¦guration, LB-A [4] .
Finally, for the Mars entry, heating is a determining factor in the vehicle con¦guration. Since manned vehicles are necessarily large, radiant heating becomes dominant for such entries if simply blunt vehicles are used. To avoid such heating, con¦gurations such as those reported in Fig. 1 have been proposed considering that the radiative heat §ux is linearly dependent on the geometrical radius of the vehicle nose [5] .
METHODOLOGY ANALYSIS AND USED TOOLS
This work summarizes a contribution to the planetary exploration concept design dealing with the de¦nition of both the preliminary aerodynamic (AEDB) and aerothermodynamic (ATDB) databases for a manned vehicle entering the Mars atmosphere, compliant with a phase-A design level [6] . The former (AEDB) is needed for the Flight Mechanics analyses, since it must be veri¦ed that the concept aerodynamic performance ensures that the vehicle stays within the load constraints (i. e., pressure, inertial and thermal loads) during the descent. The latter (ATDB) is needed for the TPS design analyses; in fact, as a vehicle §ies through the descent to the red planet, its internal energy (i. e., potential plus kinetic) is converted into the thermal energy within the boundary layer close to the vehicle surface, so that a thermal-shield must be provided to the MBS in order to sustain this heat loading.
In this framework, di¨erent design approaches have been adopted. The aerodynamic performance of each concept has been assessed according to the SpaceBased design approach [7] . This design approach dictates the generation of a complete data set as function of a number of independent parameters such as: Mach number (M ∞ ), Reynolds number (Re ∞ ), AoA (α), and sideslip angle (β).
On the other hand, the surface heat §ux distributions for each MBS concept have been provided according to the Trajectory-Based design approach [7] . It dictates the generation of a complete ATDB by performing the aerothermal computations at a ¦nite number of ¤critical¥ points selected along with the vehicle design trajectory.
An accurate aerodynamic and aerothermodynamic analysis for several §ight conditions, however, is very complex and time consuming, and is not compatible with a Phase-A design study, in which fast predicting methods are mandatory. Therefore, aerodynamic and aerothermodynamic analyses have been mainly performed by means of engineering-based approach, by using a 3D panel methods code developed by CIRA [8] . Increasing the order of complexity, a number of detailed CFD simulations has been carried out to more deeply characterize the hypersonic aerothermal environment of the vehicles and to focus on some critical design aspects not predictable with simpli¦ed tools. Indeed, 3D Euler and NavierStokes numerical §ow¦eld computations have been performed at di¨erent Mach numbers and AoA at the most critical §ight conditions occurring during the descent trajectory.
Engineering-Based Design Analysis
Engineering based aerodynamic analysis has been extensively performed by using a 3D Panel Methods code, namely, CIRA SIM, based on the simpli¦ed Newtonian approach and local surface inclination methods (SIM). This tool, at high supersonic and hypersonic speeds, is able to accomplish the aerodynamic and aerothermodynamic analyses of a complex reentry vehicle con¦guration by using simpli¦ed approaches as local SIM and approximate boundary-layer methods, thus avoiding complex grid generation and CFD high time consumption [8] . Typical surface meshes of the MBS used for the engineering level computations are shown in Fig. 4 . As shown, the vehicle surface is approximated by a system of planar and leading edge panels; the lowest level of geometry used in the analysis is a quadrilateral element.
The pressure acting on each panel of impact and shadow regions is evaluated by the user-speci¦ed compression-expansion method. Several methods, typical of hypersonics, are available such as those derived from Newtonian, Modi¦ed Newtonian, and PrandtlMayer theories [5] . In order to predict viscous contribution to aerodynamic forces and moments, the shear force is determined on each vehicle panel on the assumption of a laminar or turbulent §at plate [9] .
In particular, the viscous calculation is performed along with streamlines, and the results are then interpolated at the panel centroids. The streamlines are generated starting from the inviscid surface velocities generated previously in the aerodynamic analysis phase.
Finally, the panel aeroheating is evaluated by means of approximate 1D Boundary-Layer Methods (BLM) as reference temperature and reference enthalpy ones, which are available both for laminar and turbulent boundary layer REENTRY Figure 4 Examples of surface mesh used for engineering-based design analyses assumptions. Indeed, the generic vehicle component may be modeled as either a §at plate or a leading edge by selecting the appropriate BLM. The Mangler factor is used to transform the solution of two-dimensional (2D) boundary layers to the axially symmetrical case [9] .
Design Analysis based on Computational Fluid Dynamics
The CFD design analyses of vehicle concepts have been carried out by using the commercial code FLUENT [10] . A number of user de¦ned functions (UDFs), developed in order to perform numerical computations with a thermochemical nonequilibrium model suitable for Martian atmosphere are also considered [11, 12] . The code solves the fully Reynolds average NavierStokes (RANS) equations on hybrid grids by means of the ¦nite volume approach; it uses a §ux di¨erence splitting (FDS) second-order upwind scheme for the spatial reconstruction of convective terms, while for the di¨usive §uxes, a cell-centred scheme is applied.
In the present CFD analysis, an alternative way to compute the §ux vector is considered by using a §ux-vector splitting scheme, namely, Advection Upstream Splitting Method (AUSM). It provides an exact resolution of contact and shock discontinuities and it is less susceptible to Carbuncle phenomena. Implicit solver formulation is available and considered in the computations of this work. Indeed, due to broader stability characteristics of the implicit formulation, a converged steady-state solution can be obtained much faster using the implicit formulation rather than the explicit one. Global transport properties of the gas mixture rely on semiempirical rules such as Wilke£s mixing rule for viscosity and thermal conductivity [5] . The viscosity and thermal conductivity of the ith species is obtained by Kinetic Theory of gases [5] . For the di¨usion coe©cient of the ith species in the mixture, the multicomponent di¨usion coe©cient is applied, where species mass di¨usivity is evaluated by Kinetic Theory [5] . Flow¦eld chemical reactions proceed with forward rates that are expressed in the Arrhenius form and reaction rate parameters are due to Park et al. [13] .
In particular, a number of in-house modi¦cations (i. e., UDF) have been developed to account for both the thermal nonequilibrium in the §ow and radiative equilibrium temperature at wall, since both vibrational nonequilibrium and wall radiative cooling boundary conditions are not basic code features. In the UDF, vibrational relaxation is modeled using a LandauTeller formulation, where relaxation times are obtained from Millikan and White, assuming simple harmonic oscillators [5] ; whereas to account for wall radiative cooling, during numerical simulations, the wall temperature is calculated by StephanBoltzman law and is implemented by means of a NewtonRaphson approach.
Finally, in order to assess numerical solution convergence, equation residuals and aerodynamic coe©cients (i. e., C L , C D , and C M ) have been monitored during iterations. Solution convergence is assumed when equation residuals drop more than three orders of magnitude and the aerodynamic coe©cients plots are §at for enough iterations.
FLOWFIELD ANALYSIS
The CFD analyses have been performed to assess the aerothermal environment that the MBS experiments during the descent, thus evaluating several surface loading distributions (e. g., pressure and heat §ux). To this end, several fully three-dimensional numerical computations, both for perfect and chemically reacting gas approximations, have been performed.
Freestream Conditions
The §ight scenario considered so far is summarized in Fig. 5 . It refers to a vehicle entering the Mars atmosphere both from an elliptic orbit (EO), e. g., a planetary entry after aerobraking, and hyperbolic orbit (HO), e. g., a direct planetary entry. In particular, the freestream conditions considered in the present CFD analysis, according to both space-based and trajectory-based design approaches, are summarized in Table 1 .
Therefore, 21 CFD numerical simulations (both Euler and NavierStokes) have been performed both in a trajectory-based design approach (i. e., simulation ID 1 to 7 and 10 to 17) and space-based design approach (i. e., simulation ID 8, 9 and 18 to 21) [7, 14] . In particular, the latter simulations refer to trajectory peak heating conditions both for EO and HO, needed to address the vehicle TPS design (not reported in this paper). Preliminary result of the vehicle aeroheating analysis can be found in [15, 16] .
All CFD computations have been carried out considering radiative cooling at the vehicle wall (i. e., ' q cw = σεT
REENTRY
For the reacting gas computations, the Martian atmosphere has been considered as a mixture of 95.7% Carbon dioxide, 1.6% Argon, and 2.7% Nitrogen. The §ow has been modeled as a reacting gas mixture of 9 species (Ar, CO 2 , N 2 , O 2 , CO, NO, N, O, and C). Reaction mechanism and chemical kinetics taken into account in the present work are from [6, 13] .
Nonequilibrium computations have been performed since one of the most challenging problem facing the design of atmospheric entry vehicle is the phenomenon of ¤real gas behavior.¥ At hypersonic speeds, the shock wave produced ahead of the vehicle suddenly elevates the gas temperature in the shock layer.
So, the gas thermal energy may be comparable with the energy associated with a whole range of gas chemical processes such as: molecular vibrational excitation; dissociation of atmospheric molecules into their atomic forms; formation of other chemical species through recombination reactions; and ionization of both molecular and atomic species [17] . Therefore, the gas mixture has to be considered in thermal and chemical nonequilibrium.
Finally, CFD analysis of the MBS was preceded by a code validation phase performed considering the available numerical and experimental data for the Mars Path¦nder probe at entry peak heating conditions, as summarized in [18 20 ].
Numerical Results
The aerodynamic analysis of MBS is shown in terms of lift (C L ), drag (C D ), and pitching moment (C My ) coe©cients which are calculated as follows:
The reference parameters L ref (e. g., longitudinal reference length) and S ref (e. g., reference surface) are the vehicle length (i. e., 8 m for both con¦gurations) and planform area (i. e., 31.7 m 2 for LB-A and 32.0 m 2 for LB-B). The pitching moment is computed from the vehicle nose (i. e., 0,0,0) and also considering the vehicle center of gravity (CoG) at di¨erent percentage of vehicle length in order to address a CoG sensitivity analysis as well.
The MBS aerodynamic results, provided by engineering-based analysis, cover α ranging from 0
• to 50
• . On the other hand, present CFD computations for the MBS have been carried out on a 3D multiblock (up to 62 blocks) structured grids similar to those shown in Fig. 6 . In particular, Fig. 6 shows a closeup view of the 3D mesh on the vehicle surface and pitch plane (LB-B only).
Figure 6 The computational mesh domains for Euler CFD simulations
All the mesh domains have been generated with the commercial software package ANSYS ICEM-CFD R and are characterized by an overall number of about 1.2 · 10 6 cells (half body). Both computational domains are tailored for the free-stream conditions of Table 1 . The distribution of surface grid points has been dictated by the level of resolution desired in various areas of the vehicle such as the stagnation region and the base ¦llet one, according to the computational scopes. Grid re¦nement in strong gradient regions of §ow¦eld has been made through a solution adaptive approach.
Preliminary results of CFD simulations performed so far are summarized hereinafter. For example, Fig. 7 shows CFD (perfect gas) results for M ∞ = 22 and α = 40
• concerning the con¦guration LB-A. Figure 7a reports pressure coe©cient contours (C p ) on the vehicle surface and on two cross sections; whereas in Fig. 7b , C p contours on the vehicle surface and Mach number contours on three cross sections have been shown.
Looking at the contours ¦eld of Fig. 7 , the shock layer that takes place past the vehicle at M ∞ = 22 and α = 40
• can be clearly inferred, as in the case of both Figs. 8 and 9 . In these ¦gures, Mach number contours are shown on a vehicle cross section at x = 3.28 m (from nose) and on a section at z = −0.1 m in order to identify the MBS bow shock also in the vehicle planform plane. Note that those sections also allow assessing the cause of the overpressure that takes place on the vehicle windside highlighted in Fig. 7 . Indeed, results reported in Figs. 8 and 9 suggest that those pressure overshoots depend on the belly side shape and not on a shockshock interaction phenomenon because of the shock shape reported in the vehicle planform plane does not impinge on the vehicle shape. Figure 10 shows the static temperature contours on the vehicle (LB-A) symmetry plane and static pressure contours on the vehicle surface at M ∞ = 20 and α = 20
• , considering the Mars atmosphere as a reacting gas mixture. As shown, streamtraces are reported to point out a §ow¦eld structure past the vehicle at those §ight conditions.
At the same freestream conditions, Fig. 11 reports the contours of N 2 , CO 2 , O, and CO mass fractions on the pitch plane of LB-A concept, thus accounting for chemical dissociation of the §ow in the shock layer. As a consequence, §ow dissociation determines a large density ratio ε across the bow shock com- • pared with a §ow of the same gas where no dissociation takes place, resulting in a thinner shock layer around the entry vehicle (e. g., lower stando¨dis-tance).
Under conditions where the dissociation exists, the aerodynamics of vehicle depends primarily on shock density ratio. In fact, the change of aerodynamic characteristics is the result of the change in the surface pressure acting on the vehicle forebody [5] . The curves of lift and drag coe©cients are shown in Fig. 12 for M ∞ = 20 and 60-kilometer altitude. These curves collect MBS (LB-A) aerodynamic coef¦cients compared with available numerical data both for perfect gas and reacting gas approximations, reported in order to highlight the accuracy of both numerical and engineering-based results [16] . As one can see, engineering and numerical data agree very well, thus con¦rming that engineering-based estimations represent reliable preliminary aerodynamics of a Mars entry vehicle. Moreover, the results of the comparison highlight also that high enthalpy e¨ects only slightly increase the aerodynamic lift and drag coe©cients at those §ight conditions due to its high streamlined aeroshape.
As far as CFD results for the second con¦guration (i. e., LB-B) are concerned, when it is §ying at the peak heating conditions of the entry by EO (e. g., M ∞ = 22, α = 40
• , and H = 44.20 km). In particular, Fig. 13a shows the Mach contour ¦eld on the vehicle pitch plane while Fig. 13b gives an idea of the bow shock shape that envelopes the vehicle, since the Mach ¦eld is reported on three di¨erent §ow¦eld cross sections.
As shown, a thin shock layer envelopes the entry vehicle with a strong expansion that characterizes the windside §ow at the end of the vehicle concept.
The CO mass fraction ¦eld around the vehicle for the same freestream conditions is shown in Fig. 14 where some streamtraces colored by Mach number are also reported.
As one can see, the CO concentration reaches its maximum value close to the body and evolves through the vehicle wake §ow [21] . Figure 15 shows the temperature comparison among nonequilibrium §ow (right side of pilot) and perfect gas computation, evaluated at three §ow¦eld cross sections (x = 1.5, 5.5, and 9.5 m). It is clearly evident how real gas phenomena a¨ect the vehicle shock layer, as discussed above.
Curves of lift, drag, and pitching moment coe©cients are shown in Fig. 16 . As shown, high enthalpy e¨ects slightly increase aerodynamic lift, drag, and pitching moment coe©cients. Vehicle aerodynamics is summarized in Table 2 . As far as vehicle aerodynamic performance comparisons are concerned, Figs. 17 and 18 show the pitching moment coe©cient and the aerodynamic e©-ciency for both MBS concepts.
Results reported in Fig. 17a highlight that the concept LB-A is statically stable in longitudinal §ight (e. g., C Mα < 0) for α ≥ 20
• and CoG located up to half of the vehicle length; whereas if the CoG is at 55% of L ref (maximum allowable CoG excursion), the AoAs must be higher than 30
• to guarantee static stability §ight conditions. In particular, the AoA at which the moment coe©cient about the CoG is equalled to zero (i. e., trim condition) are appreciatively 20
• and 40
• for CoG at 50% L ref and 55% L ref , respectively.
On the other hand, Fig. 17b shows that at hypersonic speed, the LB-B concept is statically stable in longitudinal §ight for α ≥ 20
• and CoG located up to 40% of vehicle length, whereas if the CoG is at 50% of L ref (maximum allowable CoG excursion), the AoAs must be higher than 40
• . In particular, trim AoAs are appreciatively 20
• and 40 Figure 15 Temperature comparison between nonequilibrium §ow (right side of pilot) and perfect gas computations at x = 1.5, 5.5, and 9.5 m §ow¦eld cross sections.
Finally, Fig. 18 shows the lift-to-drag ratio (L/D) comparison between LB-A and LB-B vehicle concepts. As one can see, the former MBS features a better aerodynamics performance at low AoA (say, 10
• ≤ α ≤ 35 • ) as expected due to its more streamlined con¦guration and di¨erent aeroshape.
CONCLUDING REMARKS
The paper deals with the §ow¦eld analysis of two braking systems for manned exploration missions to Mars. A number of fully 3D NavierStokes and Euler CFD computations of the hypersonic §ow¦eld past two LB vehicles have been performed for several freestream conditions of a proposed Mars entry loading environment. These evaluations have been aimed at carrying out only a preliminary design of the MBS con¦guration, in compliance with the Phase-A design level. The range between Mach 10 and Mach 26 has been analyzed to provide aero-500 2500 4500 6500 8500 10500 12500 14500 16500 dynamic performance according to both the space-based and trajectory-based design approaches.
The results reported in the paper are useful for providing numerical data for further understanding the §uid dynamics process, as those of high enthalpy and vehicle shape e¨ects, involved in the design analysis of LB vehicles for the exploration of Mars. 
